Abstract-In this paper, an ultra-low power, small size CMOS read-out-integrated-circuit (ROIC) is presented. This ROIC can interface wide dynamic range signal up to six orders (100pA-6mA) from deployable sensors, such as biomedical sensors, chemical sensors etc. A high performance automatic gain control (AGC) trans-impedance amplifier (TIA), is included in this ROIC. A novel technology of sub-threshold technique is applied in this design, which can save up to 96% (from 25.2mW to 0.89mW) power consumption comparing to the circuit operating in super-threshold. The proposed circuit also has the capability to output digital signals that can be transmitted wirelessly to the data center for further signal processing.
INTRODUCTION
During recent years, researchers are showing great interests on carbon nanotubes (CNTs) because of their small size, large strength, highly electrical and thermal conductivity. Consequently, CNTs are implanted as sensing materials in gas, pressure, strain, chemical and biomedical sensors, known as CNTs sensors [1] . With the readily changing in electrical resistance of the semiconducting single-walled CNT (SWNT) based sensors when exposed to gaseous molecules, which makes it has the capability of detecting small concentration of toxic gas or other kind of gas molecules, and has significant use in environmental monitoring , agriculture and fishing industry, chemical industry and even security [2] [3] .
To detect the resistance change when resistive CNTs sensors are exposed to gas, two main conversion approaches resistance-to-current (apply constant voltage across sensor and measure the current [4] [5] [6] [7] [8] [9] [10] ) and resistance-to-voltage (feed a fixed current through the sensor and measure the voltage drop on it [11] [12] [13] [14] ) are adopted. Each of approach also has different architectures to implement.
According to the literature referred above, most of researchers focused on the architectures to implement a readout integrated circuit (ROIC) with high resolution, wide dynamic range, anti-noise and easy to control to account for process variation in the manufacturing of CNTs, and already obtained some improvements but didn't pay much attention to the power consumption.
However, in energy constrained applications such as readout integrated circuit design for CNTs based biomedical, chemical sensors, or other portable devices, where the low power dissipation is the priority. Therefore, ultra-low power circuit design with capability of operating at low frequency is very desirable in these applications. In this paper, a ROIC for the resistive CNTs based sensors applying sub-threshold technology is presented. Meanwhile the ROIC also includes automatic gain control unit, and the architecture to extend the reading dynamic range.
II. IMPLEMENTATION OF SUBTHRESHOLD ROIC
The proposed sub-threshold ROIC includes current to voltage converter (CVC), AGC, multiplexer, buffer and analog to digital conversion (ADC), as shown in Fig. 1 , which can used to detect the current from the sensor, such as CNTs sensor. This ROIC has wide dynamic current reading range and extremely low power consumption after applying automatic gain control (AGC) and sub-threshold technology. In this circuit, the current flowing to the sensor is converted to voltage ( ) through transistor M1. M1 operating in linear region served as an active resistor, as depicted in Fig.  2 , is the resistance of transistor M1, is the resistance of sensor, is the reference voltage applied on one terminal of sensor, and is the source voltage of M1, the circuit (a) in Fig. 2 can be simplified as (b) in Fig. 2 . If is fixed, based on the principle of Ohm's Law (V=IR), and the current from sensor can be obtained by Eq. (1), (1) As shown in Fig. 1 , after initial I-V conversion first goes into unit gain buffer to avoid the feedback current from gain stages to the sensor, and then to the DC level shifter and multistage amplifiers. Meanwhile AGC determines which stage's output is selected to send to next stage. After that a unit gain analog buffer is added to drive the ADC component. Finally interfaces ADC to convert the analog signal into digital signal for future digital signal processing.
In this paper, all the components are implemented in 180nm CMOS technology, To compare the difference in power dissipation and other performances, three sets of power supply ( 0.9 / =-0.9V; =0.5V/ =-0.5V; =0.4V/ =-0.4V) are used. 
A. Sub-threshold technology
Sub-threshold technology is a terminology that operating transistors in sub-threshold region by providing gate-to-source voltage lower than threshold voltage ( ). The characteristic of transistor working in sub-threshold is studied since 1970s [15] . It is known that a conductive channel is formed when is larger than , this region is called superthreshold, or strong inversion. Ideally, when is lower than , the channel between source and drain is off. However, some of the more energetic electrons can still flow from source to drain due to Boltzmann distribution of electron energies, and a weak current created in the channel, known as leakage current, sub-threshold current, weak inversion current. Study found that the current is decreasing exponentially when the gate-to-source voltage is scaling down after below threshold voltage, and is related to the thermal voltage, transistor size, sub-threshold slope parameter and etc. The relationship can be expressed as following two equations [16] :
Where is the drain current when
The parameters in (2) and (3) 2), all the transistors in op-amp are working in sub-threshold region. Opamp is the key component in the CVC design. Consequently, the performance of op-amp will affect the design of DC level shifter and multi-stage amplification. For instance, to shift the median input voltage ( ) to zero in DC level shifter block, appropriate value of should be given, as listed in Table  I , the deviation between simulated and calculated is expressed by Error%. It is observed that error% is about 2% with 1.8V power supply and gain of 51.8dB, while it is up to 17% with 1.0V power supply and gain of 52.3dB. However, the error% is reduced to 0.5% when increase the gain to 65.2dB and keep 1.0V power supply. Hence, the gain of sub-threshold should be larger than the one from super-threshold to get closely error percentage. Table II is the comparison of simulation results for op-amp between super-threshold and sub-threshold, where gain is the measured at the low frequency region, and the power dissipation is reduced one order when op-amp working in sub-threshold. Fig. 4 is the block diagram of sub-threshold automatic gain control (AGC). The AGC circuit is designed to control the system gain and increase the ROIC interfacing sensor dynamic range which includes three differential op-amps (Diff_comp), labeled as C1, C2 and C3, and two multiplexers, where Diff_comp block includes a comparator and a D type flip flop and Mux block is a 2-to-1 multiplexer, clk is the clock signal into the Diff_comp. The input voltage signal is directly coming from the DC shift and first stage amplification as shown in Fig. 1 , and its amplitude range is from -160mV to 160mV. The polarity of is to be determined by the comparator C1 which is included in Dif_comp, where noninverting terminal connecting to the ground. Meanwhile, also goes into the comparator C2 and C3 to compare with the negative reference voltage ( =-10mV) and positive reference voltage ( =10mV) respectively. The reference voltage can be adjusted according to the designing requirements for different applications.
B. Sub-threshold AGC Design
After comparing with the reference voltage and , two outputs (S2 and S3) from comparator C2 and C3 are obtained. One of the outputs S2 or S3 will be selected depends on the polarity of . For instance, if 0, then S1=1 and S3 will be selected by multiplexer m1. If 0, then S1=0 and S2 will be selected by multiplexer m1. Finally, the output of first multiplexer m1 will serve as a control signal for the second multiplexer m2 to determine which input ( and ) will be selected. Note that is the output of second stage amplification, where it is amplified by times more than , as shown in Fig. 1 . For example, if larger than 10mV, the control signal S=0, then = .
If not, the control signal S=1 and = . Hence, the logic relationship of , , and S is obtained as Eq. (5), Fig. 5 (a) depicts output current from sensors ranging from 100pA to 60nA. As illustrated in Fig. 5(b) , after DC level shift and 1 st stage amplification, the current are converted to voltage signal ranging from -161 mV to 161 mV, which is within the input range of ADC. Fig. 5(c) and (d) show the output voltage without using AGC and using AGC respectively, it is observed that lots of current signal can't be detected without using AGC, as output voltage after 2 nd stage amplification reach in saturation. However, after applying AGC, all the current are well detected and transferred to voltage signal. If the converted signal ( ) is too weak (for instance, | |=8.658mV, less than 10mV), then the control signal blue line in Fig. 2(d ) from AGC change to high level, it will be amplified by further stage to reach in -131.6mV. If signal is over 10mV, then control signal will be low level. Finally, will be the final analog output of ROIC. 
C. Wide dynamic range signal reading CVC Design
The CVC circuit showed in Fig. 1 only works for the current ranging from 100pA to 60nA to preserve linear relationship between input current and . However, the range can be extended up to six orders (from 100pA to 6mA) by combining the active transistor with external resistors in parallel, as depicted in Fig. 6 . For instance, the range can be increased by one order when the external resistor decreased one order, as the resistance of active transistor is very large comparing the external resistors. So the total resistance is approximately equal to the value of the resistor to be paralleled in. It is found that when power supply reduces from 1.8V to 1.0V, the PD for CVC goes down from 4.31mW to 0.13mW, and for ADC decreases from 22.1mW to 0.85mW. The power dissipation for both CVC and ADC save up to 96%. If the power supply is reduced to 0.8V ( =0.4V, =-0.4V), then some transistors will begin to reach in sub-threshold region, and more energy will be saved. As shown in table III, the power consumption for CVC is reduced one order of magnitude (from 0.13mW by using 1.0V power supply to 0.53μW by using 0.8V power supply), and for ADC is also reduced 50% more (from 0.85mW by using 1.0V power supply to 0.46mW by using 0.8V power supply). The total PD of ROIC is also saved up to 96% (from 25.2mW by using 1.8V power supply for both CVC and ADC to 0.89mW by using 0.8V power supply to CVC and 1.0V power supply to ADC).
III. SIMULATION RESULT AND ANALYSIS

A. Comparison in power consumption
B. Calibrated output current with compensation
As shown in Fig. 1 
To improve the reading accuracy compensation is finally offered and expressed as Eq. (8): (8) Combine Eq. (1), (5), (6) and (7) yields, (9) Where is the median value of , is the source voltage of transistor , and can be calculated using Eq. (8), , is the maximum and minimum calibrated output current results before compensation. Therefore, finally get the calibrated output current after compensation using Eq. (9) . The comparison between before-compensation and aftercompensation are tabulated in Table IV . As depicted in Fig. 7 , no observable deviation between input current and calibrated output current after compensation. From table IV, it is observed the accuracy is much improved when the input current is over 36.1nA, additionally, maximum estimated error percentage decreased from 6.16% to 2.05% with 0.8V power supply. 
IV. CONCLUSION
In this article, a novel ROIC applying sub-threshold technology to provide extremely low power consumption has been proposed. This ROIC includes automatic gain control (AGC) block to widen the dynamic detecting range. It has been shown that power consumption can be saved up to 96% (from 25.2 mW to 0.89 mW) and dynamic range can be extended up to six orders to detect currents ranging from 100pA to 6mA.
